The reported size of microsaccades is considerably larger today compared to the initial era of microsaccade studies during the 1950s and 1960s. We investigate whether this increase in size is related to the fact that the eye-trackers of today measure different ocular structures than the older techniques, and that the movements of these structures may differ during a microsaccade. In addition, we explore the impact such differences have on subsequent analyzes of the eye-tracker signals. In Experiment I, the movement of the pupil as well as the first and fourth Purkinje reflections were extracted from series of eye images recorded during a fixation task. Results show that the different ocular structures produce different microsaccade signatures. In Experiment II, we found that microsaccade amplitudes computed with a common detection algorithm were larger compared to those reported by two human experts. The main reason was that the overshoots were not systematically detected by the algorithm and therefore not accurately accounted for. We conclude that one reason to why the reported size of microsaccades has increased is due to the larger overshoots produced by the modern pupil-based eye-trackers compared to the systems used in the classical studies, in combination with the lack of a systematic algorithmic treatment of the overshoot. We hope that awareness of these discrepancies in microsaccade dynamics across eye structures will lead to more generally accepted definitions of microsaccades.
1. Introduction
Why are microsaccades interesting to study?
Microsaccades have been studied since the early 1950s, and we know today several important aspects of their relation to visual and neural processes, which are comprehensively reviewed elsewhere (Collewijn & Kowler, 2008; Martinez-Conde, Macknik, & Hubel, 2004; Rolfs, 2009) . Still, there is a debate whether they serve an essential role or are merely noise in the oculomotor system (Collewijn & Kowler, 2008) . One reason for the intensity of this debate may be due to the lack of a generally accepted description of the exact spatial and temporal characteristics of a microsaccade. The aim of this paper is to understand why it is so hard to agree on the shape of microsaccades and propose an explanation to why their appearances have changed so dramatically over time.
What do microsaccades look like?
At the coarsest level, microsaccades are ''small, fast, jerk-like eye movements that occur during voluntary fixation'' (MartinezConde, Macknik, & Hubel, 2014) . Compared to voluntary saccades, microsaccades generally have smaller amplitudes and a proportionally larger overshoot (Møller, Laursen, & Sjølie, 2006; Zuber, Stark, & Cook, 1965) .
Even though the overall shape of microsaccades is generally agreed on, there are several basic properties where remarkably different values can be found in the literature. Most prominently, the possible range of microsaccade amplitudes has been debated. One of the strongest opinions is expressed by Collewijn and Kowler (2008) who-supported by the majority of work until about 1980-argue that the upper limit of microsaccade amplitude is about 10-12 min arc, and that it ''distorts the nature of the debate'' to call saccades larger than 0.5 degrees microsaccades. On the contrary, one degree is today perhaps the most common threshold used to reject too large microsaccades (Engbert & Kliegl, 2004) , but even those with a size of two degrees have been considered (Martinez-Conde, Macknik, Troncoso, and Dyar, 2006 these examples of early and late reports of microsaccade amplitudes and as mentioned in previous review papers on microsaccades, Fig. 1 illustrates how the mean amplitudes have changed over time from the 1950s until today. The different types of symbols represent whether the eye-tracking data are best approximated by features investigated in this paper: the first Purkinje reflection (P 1 ), the fourth Purkinje reflection (P 4 ), and the pupil. We consider data recorded with the optical lever technique as well as scleral search coils equivalent to tracking the P 1 in the sense that all three methods correspond to eyeball rotation. Along similar lines, the P 4 reflects movement of the lens and is therefore equivalent to data recorded with a dual Purkinje eye tracker. Finally, the video systems 1 of today estimate the gaze direction from the location of the pupil center, and therefore output 'pupil equivalent' data. While it remains unclear why the microsaccade amplitudes have become larger in recent studies (Rolfs, 2009 ), a number of plausible hypotheses has been provided. Perhaps the most apparent hypothesis is that the techniques to record eye movements have moved from analog systems providing very high precision and accuracy to video systems that are restricted by the spatial and temporal resolution of the video camera. Data from an EyeLink II, which is perhaps the most commonly used system in microsaccade studies over the past decades, was used to show that the detection of 5 min arc saccades is unreliable due to noise in the signal, but it was also emphasized that this does not explain why the maximum size of microsaccades has become larger (Collewijn & Kowler, 2008) . Five min arc exceeds the average microsaccade size of 4.5 min arc reported in early work. Other possible explanations they discuss include differences in the amount of head movements (e.g., bitebar versus chinrest), changes in behavioral strategies due to contact lens wear, and differences in visual recording environments. In addition, it has been suggested that the inclusion of naive participants could be a major factor to why we now see larger microsaccades; the classical works used participants-usually the authors-who were highly trained in fixating, and possibly had a higher fixation stability (Collewijn & Kowler, 2008; Rolfs, 2009 ). This is supported by Winterson and Collewijn (1976) , who found that naive subjects can easily be trained to suppress their microsaccades, although it is not clear to what extent the amplitude of the microsaccades changed.
Understanding the origin of the eye-tracker signal
To understand the signal generated by modern video systems the whole process-from image capture to the detection of a microsaccade-must be considered. The majority of video systems detect the pupil and one or several corneal reflections (CRs) in the eye image, and use these features in combination with a calibration procedure to estimate where people look (Hansen & Ji, 2010; Holmqvist et al., 2011) . The exact eye and gaze models used by the systems are however typically proprietary and we therefore consider the eye tracker a 'black box', which is defined by its input (eye image) and output (t; x; y, pupil size). The eye-tracking data typically undergo some kind of post-processing, either within the black box or provided as an option to the user during or after the recording. Common examples are the Heuristic filters in the EyeLink-family of eye trackers (Stampe, 1993) . Filtering is also necessary in conjunction with numerical differentiation to compute velocity and acceleration from the eye movement position data. Finally, before the parameters of a microsaccade can be calculated, a decision of where it starts and ends needs to be made, known as event detection.
Microsaccades and event detection
In the classical studies between 1950 and 1970 using the optical lever technique, the record of eye movement was stored on film and manually inspected to detect the microsaccades (Steinman, 1965) . For instance, Cunitz and Steinman (1969) write that we counted the number of microsaccades that occurred during pauses in normal reading. While they used an amplitude criterion to separate between saccades and microsaccades, there was no mention of the exact computation of onset, offset, or amplitude, even though results including amplitudes were reported. In general, articles from this era contained very few, if any, details about the precise criteria used detect the microsaccades as well as how to compute the basic measures reported in the papers.
In more recent years, computer algorithms have been used to find the interval that the microsaccade spans along with basic parameters such as amplitude, duration, and peak velocity. The most widespread algorithm defines microsaccades as samples that exceeds a certain peak velocity for a minimum amount of time (t min ) (Engbert & Kliegl, 2003; Engbert & Mergenthaler, 2006) . The velocity thresholds are applied separately in the horizontal and vertical dimensions, and set as a multiple (k) of the estimated noise level in the data. Common choices of the thresholds are k 2 f4; 5; 6g and t min 2 f6; 12g ms. To reduce the number of erroneous detections a binocularity criterion can be applied such that only microsaccades that occur simultaneously in the left and the right eyes are considered.
Several papers address the problem that overshoots cause in the detection of microsaccades. Due to its large velocity, the overshoot often gets detected as a separate microsaccade directly following the primary microsaccade. As an example, one paper contains the sentence ''We identified dynamic overshoots as saccades that occurred less than 20 ms after a preceding saccade (Møller, Laursen, Tygesen, & Sjølie, 2002) and did not consider them as new saccades '' (McCamy, Jazi, Otero-Millan, Macknik, & Martinez-Conde, 2013b ).
The non-elastic eye and tracking different structures
To be able to understand and interpret the eye-tracker signal we also need to consider the fact that the eye is not a rigid object, but deforms during high accelerations and should be considered as a set of ocular structures that do not move synchronously. The most prominent example of when a structures moves relative to the eyeball is perhaps the overshoots in Dual Purkinje eye-trackers (DPIs), which originate from the fact that the lens is attached to elastic zonular fibers, which make the lens continue to move and oscillate even after the eyeball has come to a stop (Deubel & Bridgeman, 1995a). In the last couple of years it has been shown that a similar, although proportionally smaller, relative motion occurs between the pupil center and the eyeball during and directly after saccades (Kimmel, Mammo, & Newsome, 2012; Nyström, Hooge, & Holmqvist, 2013; Tabernero & Artal, 2014) , possibly due to acceleration-induced iris deformation. While previous work has focused on voluntary saccades, it is unclear whether any significant differences exist between the eyeball, pupil, and lens during microsaccades, during which the eye structures are exposed to lower accelerations. Can, for instance, the large microsaccadic overshoots found in video systems be explained by pupil motion relative to the eyeball, as was found for voluntary saccades (Nyström, Hooge, & Holmqvist, 2013 )?
Research questions
In this paper, we will address two issues that may elucidate why microsaccades measured with current video systems are larger than in the classical studies during the 1950s, 1960s, and 1970s. In the first experiment we address whether measuring different eye structures produces different eye-tracker signals with respect to microsaccade amplitudes. As in Nyström, Hooge, and Holmqvist, (2013) , we estimate the movement of different eye structures from a video recording of the eye. The advantage of this is that we can compare the movements of the eyeball, the pupil, and the lens during the same saccade by tracking the centers of the P 1 , pupil, and P 4 in each video frame. It should be noted that similar data could be obtained by simultaneous recordings with scleral search coils, a video system, and a DPI. However, such recordings have to our knowledge not been performed and are likely associated with large technical challenges. Co-recordings with coils and video systems do however exist (e.g., Houben, Goumans, & van der Steen, 2006; Van der Geest & Frens, 2002) , but have the disadvantage that the coils may distort the eye movement dynamics (Frens & Van der Geest, 2002) 2 In the second experiment, we record data with an EyeLink 1000 to investigate whether the most commonly used algorithm for detecting microsaccades is systematic in how overshoots are handled and thus how microsaccade amplitudes are computed.
In both experiments, informed consent was obtained for experimentation with human subjects in line with the Declaration of Helsinki.
Experiment I

Participants, stimuli, and apparatus
Two of the authors (MN, male, age 36; RA, male, age 35) participated in the experiment. They viewed a white 0.2 degrees large dot presented in the center of the display on a black background. The stimulus was shown on a Samsung SyncMaster screen with a resolution of 1280 Â 1024 pixels (380 Â 300 mm) and a refresh rate of 60 Hz. Matlab R2013a and the Psychophysics Toolbox (v. 3.0.9, rev. 2450) was used to display the stimulus.
Eye images were recorded at 240 Hz with the iView X (v. 2.2.4) Hi-Speed 240 system from SensoMotoric Instruments (Teltow, Germany). The eye images were stored in eight bit uncompressed bmp-format with a resolution of 320 Â 200 pixels (19 Â 12 mm). 
Procedure
The participants viewed the dot from a distance of 700 mm with their heads supported by a chin and forehead rest, in addition to a custom built bitebar that was mounted on the eye tracker. The bitebar consisted of a piece of wood that the participants were asked to firmly bite (see Fig. 2 ). Eye images were recorded for 120 s. The cameras and mirrors were carefully setup to capture both the first (P 1 ) and the fourth (P 4 ) Purkinje images along with the pupil. An eye image where the pupil, P 1 , and P 4 are indicated is shown in Fig. 3. 
Data analysis
Each image in the image sequences was processed independently. A feature-based method was employed to extract the pupil, the P 1 , and the P 4 (Hansen & Ji, 2010) . The most probable pupil region is initially extracted based on a shape contour model (Hansen & Pece, 2005) and appearance. Automatic threshold detection of P 1 and P 4 is performed by analyzing the intensity histogram in the elliptical vicinity of the pupil and by detecting bright regions with sizes and shapes corresponding to image features. P 1 is modeled as an ellipse while P 4 due to its size (1-6 pixels) is modeled as a point. A final step to optimize the location of the pupil boundary is applied as P 1 may influence the accuracy of both the boundary and area of the pupil. For each participant, this procedure resulted three signals representing the pupil, the P 1 , and the P 4 .
To generate an average microsaccade shape from each of the signals, we used a procedure similar to that described in (OteroMillan, Castro, Macknik, & Martinez-Conde, 2014) . First, microsaccades were detected and centered at the peak velocity, which was computed from the position signal as described by Engbert and Kliegl (2003) . Second, an interval I ¼ ½n p À 8=F s ; n p þ 15=F s including the microsaccade was extracted around the location of the peak 
This normalizes the sample displacement within I to unit length. The position signal was temporally aligned in a similar manner and normalized by the same factor P N k¼1 vðkÞ as the velocity signal.
Vertical offsets were removed by subtracting the median value of the four first samples from each position signal. Finally, the median microsaccade signals were computed as
where M denotes the median operator andvðnÞ represents a vector containing the sample velocities from all signals at location n. To facilitate meaningful extraction of the average shape and to reduce the variability in the data, only horizontal microsaccades that conformed to the 'typical' shape (see Zuber, Stark, & Cook, 1965 ) with a clear overshoot component were included in the analysis. ) signals, and the lines represent the pupil (solid), the P 1 (dashed), and the P 4 (dotted). All signals contain an overshoot component, but the size of this component varies across structures, which do not move rigidly during a microsaccade. The most apparent difference is perhaps that in peak velocity and overshoot amplitude, which are the smallest for the P 1 signal, slightly larger for the pupil signal, and the largest for the P 4 signal. In addition, the P 1 starts accelerating before the pupil and in particular the P 4 . These observations are in good agreement with previous reports on differences between eyeball and lens motion (Deubel & Bridgeman, 1995a) , as well as eyeball and pupil motion (Kimmel, Mammo, & Newsome, 2012; Nyström, Hooge, & Holmqvist, 2013) during larger, voluntary saccades.
Results
Discussion
Analysis of eye images has for the first time been used to compare the movements of the pupil, the P 1 , and the P 4 during the same underlying microsaccades. While the observation that the lens moves relative to the eyeball during microsaccades is well known through decades of DPI-based research, we found a similar but smaller discrepancy between the P 1 , representing eyeball motion, and the pupil. This means that pupil-based eye-trackers overestimate the peak velocity and overshoot amplitude of microsaccades. Importantly, this was found without attaching an external object to the eyeball such as scleral search coils, a factor that in itself may influence eye movement dynamics (Frens & Van der Geest, 2002) .
If the overshoot is not successfully accounted for when computing the microsaccade amplitude, the fact that different structures are measured can give rise to substantial differences in amplitude. Clearly, to accurately disregard the overshoot becomes increasingly more important when tracking an eye structure with a proportionally larger overshoot.
The P 4 signal is often associated with more uncertainty than the pupil and P 1 signals since the area of P 4 is significantly smaller (1-6 pixels). In addition, the intensity of P 4 is quite low, varies with gaze direction (angular changes between the point of reflectance and the camera), and is therefore more easily influenced by camera noise. These factors in combination with the fact that the P 4 signal has the most rapid directional changes, the peak velocity as well as the overshoot amplitude of the P 4 are likely to be slightly underestimated.
Experiment II
In this experiment, we investigate how the most common algorithm for microsaccade detection, that by Engbert and Kliegl (2003) (E&K), handles the large overshoots produced by modern video systems, and whether it generates amplitudes that are comparable to those annotated by two experts.
Participants
Three of the authors (MN, male, age 36; RA, male, age 35, IH, male, age 48) participated in the experiment. 
Stimuli and apparatus
The stimulus consisted of a 0.2 degree white dot presented in the center of a mid-gray background. PsychoPy v. 1.80.00 was used to display the stimulus on an ASUS VG248QE screen with a resolution of 1920 Â 1080 pixels (530 Â 300 mm) and a refresh rate of 144 Hz. Binocular eye movements were recorded at 500 Hz with the Eyelink 1000 system from SR Research (v. 4.56), setup to 'desktop mount'. Only data from the right eye were analyzed.
Procedure
Each recording started with the default nine point calibration and validation procedures included in the EyeLink software. Participants were then asked to fixate the stimulus dot, which was located 550 mm in front of the participants eyes, for 60 s.
Data analysis
Microsaccades were detected with the E&K algorithm using k ¼ 6 and a minimum saccade duration t min ¼ 6 ms (3 samples). Samples reported as missing by the eye-tracker were removed along with an interval 200 ms preceding and following the missing samples. The 200 ms are motivated by the fact that missing samples often are associated with blinks that produce artifacts in the eye-tracking signal when the eyelid closes and re-opens. A criterion that excluded microsaccades that followed within 20 ms of the previous one was applied since such detections often originate from dynamic overshoots. This algorithm and similar choices of thresholds have been used in several previous microsaccade studies (e.g., Engbert & Kliegl, 2003; McCamy, Jazi, Otero-Millan, Macknik, & Martinez-Conde, 2013b) .
Microsaccades were also manually annotated by two experts (C1 and C2), each with about 10 years of experience from eyemovement research. To facilitate manual coding of microsaccades, the graphical user interface described by Larsson, Nyström, and Stridh (2013) was used. It shows five representations of the eye movement data: ðx; yÞ over time, velocity over time, pupil size over time, an ðx; yÞ plot, and a zoomed-in version of the most recently detected event. The onset and offset of each microsaccade are marked through mouse clicks. Following Abadi and Gowen (2004) , we separate between single saccadic pulse (SSP) and double saccadic pulse (DSP) microsaccades. We distinguish between DSPs and SSPs by considering DSPs as microsaccades that bring the eyes back to the same location to where they started, and SSP as microsaccades that displace the eye a distance larger than the instrument noise. To capture the displacement rather than the distance, any pre-, or post-saccadic oscillation was considered part of the microsaccade. Examples of DSPs and SSPs are shown in Fig. 5 . It should be noted that according to the definition by Abadi and Gowen (2004) , SSPs exhibit a slow return component, which is not commonly seen in our data.
Microsaccade amplitudes were compared statistically with a one-way ANOVA. Table 1 shows the number of detected microsaccades as well as their two sub-classes SSP and DSP. Overall, the E&K detects more microsaccades than the human coders, which could be since the algorithm confuses noise with small microsaccades. The three methods of detecting microsaccades also agree to a higher extent for participants MN and RA compared to participant IH. Interestingly, Participant RA did not have any microsaccades of DSP-type, whereas for participant MN slightly less than half of the microsaccades were of type DSP.
Results
An example of two SSP-microsaccades from participant MN is given in Fig. 6 . As can be seen from the figure, the overshoot comprises about half of the amplitude when defined as the arithmetic range of the data. While both human coders place the offset after the overshoot, the E&K algorithm sometimes, but not always, terminates the microsaccade at the peak of the overshoot. As a result, the E&K amplitudes become on average larger than those computed from the annotated data. Note that deciding the onset of a microsaccade seems much less problematic, and there is a good agreement between the algorithm and the human coders. Fig. 7 quantifies the effect of detection method and microsaccade type on amplitude. Only microsaccades where the human coders and the E&K algorithm agreed were included in the analysis. Agreement was defined as having at least one overlapping sample. It can be observed that very small differences in amplitude between the two manual coders exist whereas the E&K-amplitudes are significantly larger. Compared to the average amplitude across the two manual coders, the E&K-algorithm increases the 38 (24) 32 (17) 6 (5) C2 45 (24) 37 (17) 8 (5) microsaccade amplitudes with 78.2%, 15.9%, and 51.1% for participants MA, RA, and IH, respectively. There was a significant effect of detection methods (E&K, C1, C2) on microsaccade amplitude for participants MN (F(2, 210) = 33.2, p < 0:01) and IH (F(2, 69) = 4.0, p ¼ 0:022), but not for participant RA (F(2, 195) = 0.84, p ¼ 0:43). The proportional increases are larger for DSPs and slightly smaller compared to SSPs. Unsurprisingly, DSP-type microsaccades were also systematically shorter than those with SSP-type.
Discussion
The E&K-algorithm overestimates microsaccade amplitudes since it often terminates a microsaccade close to the peak of its overshoot. Therefore, the amplitude take on values anywhere between the displacement and the arithmetic range of the microsaccade. Since the precise borders of the microsaccade are decided by a simple velocity threshold, there is no systematicity in how the overshoots are handled; they are sometimes considered part of the microsaccade and sometimes not. The decision depends very much on the individual properties of the overshoot in term of duration and amplitude. A more systematic way to deal with the overshoots, for instance that proposed for DPI-data Cherici, Kuang, Poletti, and Rucci (2012) , would probably alleviate the problem. However, it is uncertain whether a method designed for DPI-data with very distinct overshoots would be generally applicable to video-data.
It should be noted that DSP-microsaccades, to our knowledge introduced in Abadi and Gowen (2004) , have not been investigated to any larger extent in the literature (but see Bettenbühl et al., 2010) , and do not conform to the 'classical' microsaccade shape described in e.g., Zuber, Stark, and Cook (1965) . It is also unclear whether such microsaccades can be divided into a saccadic and overshoot component, as suggested in Bettenbühl et al. (2010) .
According to our definition of DSPs above, their displacement will always be small relative to the arithmetic range, and it is difficult to know whether such a microsaccade contains an overshoot component at all and, if it does, what proportion of the entire microsaccade the overshoot accounts for.
General discussion
As illustrated in Fig. 1 , the average microsaccade amplitude has increased substantially when comparing the classical studies in the 1950s and 1960s conducted with the optical lever technique or scleral search coils to results obtained by the video systems of today. The reason is likely to be a combination of factors, including the differences in signal-to-noise ratios between early and late studies, whether of not the recording is non-contact, the inclusion of more naive participants, and differences in recording environment (Collewijn & Kowler, 2008; Rolfs, 2009) . In this paper we sought additional explanations by investigating whether there is a temporal and spatial asynchrony between movements of different eye structures and therefore between different recording technologies measuring eye movements from these structures. Additionally, if such structural asynchronies occur, how do they influence the amplitude obtained with a common microsaccade detection algorithm?
For the first time, eye images were analyzed to compare the motion between the first (P 1 ) and fourth Purkinje (P 4 ) reflections as well as the pupil during the same underlying microsaccades. As raised already in the early 1940s (Park & Park, 1940) , internal deformation of the eye renders differences in signals recorded from different eye structures during microsaccades. In agreement with work on larger saccades (Deubel & Bridgeman, 1995a; . Eye-tracking signal with two SSP-microsaccades detected by the E&K algorithm (blue) and the two coders (red and green). Onsets and offsets are displayed above and below the signal, respectively. As can be seen from the figure, the onsets are generally agreed on whereas the offsets are more different from each other. The E&K algorithm terminates the saccades earlier than the coders, and often at the peak of the overshoot. Hooge, & Holmqvist, 2013; Tabernero & Artal, 2014) , the P 4 , reflecting the movement of the lens, has the highest peak velocity and the largest overshoot followed by the pupil and finally the P 1 , which estimates the movement of the eyeball as a whole. Such differences in microsaccade shape make it difficult to compare records across different recording technologies and clearly affect basic measures of microsaccades. In particular, the larger overshoots associated with pupil-and P 4 movements compared to the P 1 can lead to a twofold increase in amplitude unless the overshoot is appropriately accounted for.
From data acquired with an EyeLink 1000, it can in Fig. 7 be seen that two of the participants (MN and IH) produce microsaccades below 20 min arc, i.e., close to the 'genuine' microsaccade range as defined by Collewijn and Kowler (2008) , who regard 10-12 min arc as an upper bound. Interestingly, for participant MN, only the algorithmically detected amplitudes reside outside of this bound, and clearly illustrate the case when the overshoot in combination with a premature termination of the microsaccade increase microsaccade amplitudes.
Participant RA did not produce any of the smaller DSP-type microsaccades. In addition, the remaining microsaccades of type SSP were significantly outside of the genuine range, even when the overshoot component is subtracted. When taking a closer look at RA's data we saw that many of the microsaccades were part of mono-, or bi-phasic square wave jerks (SWJ; Abadi & Gowen, 2004) . It has previously been found that such paired saccades have larger amplitudes compared to single ones (Abadi, Clement, & Gowen, 2003; McCamy, Jazi, Otero-Millan, Macknik, & MartinezConde, 2013b) . Interestingly, SWJs are by some considered as saccadic intrusions that are distinctly separate from microsaccades (Abadi & Gowen, 2004) whereas others include them into the microsaccade family (Bettenbühl et al., 2010; McCamy, Jazi, Otero-Millan, Macknik, & Martinez-Conde, 2013b) . Historically, the former account appears to be more common, with a few exceptions (Gowen, Abadi, Poliakoff, Hansen, & Miall, 2007) . Due to their relatively larger size, the omission of SWJs in microsaccade analyses may by itself lead to a significant reduction in average microsaccade amplitude. Since amplitudes computed from data recorded with the same setup reside both inside (MN) and considerably outside the genuine range from the classical studies provides evidence that the individual variation is large, but that the modern system used in this study is capable of recording microsaccades of similar small size as in the old work.
While we in this paper mainly have looked for reasons to why today's pupil-based eye-trackers produce larger amplitudes than older techniques, one could take another perspective and ask whether the older, more obtrusive techniques actually influence the eye movements such that the amplitudes become smaller. From research on voluntary saccades, there are data that convincingly show that scleral search coils slow down saccades and may even eliminate the overshoot component (see Fig. 2 in Frens & Van der Geest, 2002) . Moreover, attaching a piezoelectric sensor to the eye was shown to decrease the microsaccade amplitude (McCamy et al., 2013a) . With these results in mind, it cannot be ruled out that the optical lever technique used in many of the classical studies have similar effects on fixational eye movements.
The apparent lack of a 'gold standard' for the measurement of fixational eye movements makes it difficult to define genuine eye movements and therefore define a genuine range for microsaccades. Even with a very accurate and precise recording device, the eye-tracking signal would reflect 'true' eye movements no more accurately than the structure being measured. Even though we talk about fixational eye movements as something that is already well-defined, the results of this paper point in a direction where spatio-temporal differences between eye structures should be considered when answering fine-grained question about oculomotor behavior during fixation.
A relevant question to ask in the wake of these results is whether the internal deformation of the eye has any impact on visual input. As previously argued, the impact of pupil motion relative to the eyeball probably has little impact due to the StilesCrawford effect, which says that light entering close to the edge of the pupil produces a lower photoreceptor response compared light entering near the center of the pupil (Westheimer, 2008) . In contrast, lens movement relative to the eyeball can distort the entire retinal image to a quantifiable amount, at least during voluntary saccades (Deubel & Bridgeman, 1995b) . However, the visual impact of relative lens movements during microsaccades is probably small since almost perfect retinal image stabilization can be achieved through contact-lens methods (Riggs, Ratliff, Cornsweet, & Cornsweet, 1953) . A problem of more practical nature in experiments investigating retinal image stabilization is that the microsaccade due to lens motion may produce a transient in the DPI signal large enough to refresh the retinal image and thereby disrupt fading (Poletti & Rucci, 2010) .
It should be noted that there are methods to directly measure how a stimulus moves on the retina, e.g., with a scanning laser ophthalmoscope (e.g., Sheehy et al., 2012) . Such methods inherently capture any motion on the retinal image caused by relative movements of ocular structures during microsaccades.
With the rapid increase in resolution and frame rates of digital cameras, the method used in Experiment I will likely provide increasingly better methods to study eye deformation during microsaccades. Besides being able to measure movements of different ocular structures during the same underlying microsaccade, all movements are captured by the same sensor (camera), which circumvents the problem of sensor fusion.
Throughout the paper, we have almost exclusively used the term dynamic overshoot or just overshoot to describe the postmicrosaccadic movements. The reason is that this is the term most frequently used in the past. Perhaps the most widespread definition of dynamic overshoot is a ''small saccade that follows a main saccade, in the opposite direction, with no delay'' (Bahill, Clark, & Stark, 1975; Kapoula, Robinson, & Hain, 1986) . Another term used to describe these movements is post-saccadic oscillations (PSO) (Larsson, Nyström, & Stridh, 2013; Nyström, Hooge, & Holmqvist, 2013) . According to our definition, PSOs is a more general description of the post-saccadic characteristics of the eye tracker signal, and may in addition to dynamic overshoot also include subsequent ringing. Such ringing beyond the initial overshoot is particularly common in DPI data due to the 'wobbling' of the lens relative to the eyeball during saccades (Deubel & Bridgeman, 1995a) .
Conclusions
One explanation to why microsaccades have larger amplitudes now compared to the classical studies in the 1950s and 1960s is that the majority of eye-trackers today measure pupil movements, whereas older techniques such as the optical lever tracked other structures more aligned with movement of the entire eyeball. In particular, the signal from a pupil-based system exhibits larger overshoots, which are not systematically accounted for by a common algorithm for microsaccade detection. While we hope that these results will reduce part of the confusion that has arisen due the large span of reported microsaccade amplitudes over time, it is clear that the increase in amplitude also should be sought elsewhere; while our results can account for a twofold difference in amplitude, it cannot explain the fivefold increase in maximal amplitude from 12 min arc to about one degree.
